A direct relationship between the concentration-dependent rate of amphotericin B-induced K+ release from Candida albicans and the concentration-dependent rate of killing by the drug was established. This relationship together with the observed rapidity of both release and killing action supports the conclusion that the lethal action of amphotericin B is primarily physicochemical in nature.
There is abundant evidence to suggest that if amphotericin B is to kill susceptible fungal organisms, it must bind, via hydrophobic interaction, to ergosterol in the cell membrane (2, 5, 7, 10) . This interaction presumably causes distortion and structural rearrangement to an extent that the membrane is destabilized and cannot function normally. Abnormal function is evidenced, for example, by efflux of cellular potassium ions (K+). The action is basically physicochemical in nature, and although it is generally considered to be the primary mode of amphotericin B action, it might not be the only mechanism involved or even the primary mechanism for that matter. Brajtburg and coworkers (2) have raised the possibility that the lethal action of amphotericin B involves something more than simply disturbance in membrane permeability. They found (2), as have others (1, 3) , that K+ release per se is not a lethal event. In essence, their hypothesis is that subsequent to hydrophobic binding to ergosterol, amphotericin B undergoes autoxidation, with the production of reactive intermediates (e.g., free radicals and peroxides) that cause lethal oxidative damage to fungal cells. Since autoxidation of amphotericin B requires some significant period of time (8) , inherent in this proposal is a series of time-dependent chemical changes preceding the lethal cell-damaging interaction. In this study the direct physicochemical cell membrane damage hypothesis has been examined further.
Candida albicans 11651 was purchased from the American Type Culture Collection, Rockville, Md., and maintained on slants of Sabouraud dextrose agar (Difco Laboratories, Detroit, Mich.). Prior to each experiment, yeast cells were grown at 35 to 37°C with rotary shaking (150 rpm) in 20-ml volumes of a filter-sterilized (pH 7) synthetic broth containing 6.7 g of yeast nitrogen base (Difco), 1.5 g of L-asparagine, and 10 g of glucose in 1 liter of deionized water. Amphotericin B was purchased from Sigma Chemical Co., St. Louis, Mo., and working solutions were prepared in Me2SO at 100 times the final concentrations required for particular determinations.
To prepare cells for an experiment, 4-ml volumes of a culture grown to early stationary phase (18 h) were diluted into flasks containing 16 ml of fresh medium and were incubated for 2 h with shaking at 35 to 37°C. Cells were collected by filtration, washed three times with several milliliters of saline, and suspended in 0.1 M NaCl (as recommended by the K+ electrode manufacturer, Orion Research) at -3 x 107 CFU/ ml. Forty milliliters of the suspension was then placed in either a 125-ml Erlenmeyer flask or a 100-ml beaker.
In each of the time-kill experiments, 0.4 ml of drug solution was added to 40 ml of cell suspension in a 125-ml flask. 20 min, during which the suspension was gently stirred. To measure total K+ potentially available for release, cell suspensions prepared as described above were placed in a boiling water bath for 5 min and cooled to 37°C and K+ was determined.
The lethal effects of four different concentrations of amphotericin B on washed logarithmic-phase cells of C. albicans suspended in 0.10 M NaCl are shown in Fig. 1 , and the effects of the same drug concentrations on K+ release from cells prepared in an identical manner are shown in Fig. 2 . As expected, rates of kill were logarithmic and directly related to the drug concentration. At 0.2 pig/ml, fungicidal activity was modest but significant. In the presence of 1.6, 0.8, or 0.4 pg of amphotericin B per ml, however, three-log reductions in CFU per milliliter were reached within only 10, 30, or 60 min, respectively. Consistent with the time-kill data, the rate of K+ release was also a function of the drug concentration. At the three highly lethal concentrations, K+ release began within seconds, if not instantaneously, after drug addition. In agreement with the earlier work of Gale (4), it is apparent from Fig.  2 that the rate of release increased with time, although no attempt was made in this study to quantitate the rate at any particular time after drug addition. Interestingly, total K+ release, as opposed to the rate of release, was independent of concentration over the eightfold range studied. Maximal release occurred within 2, 3, 5, and 15 min in the presence of 1.6, 0.8, 0.4, and 0.2 ,ug of amphotericin B per ml, respectively, and this represented approximately 75% of the K+ potentially available on the basis of boiled cell determinations.
Results obtained in this study corroborate earlier reports that the loss of cellular K+ per se is not a lethal event (1-3) . The loss of K+ after 15 min of exposure to 0.2 ,g of amphotericin B per ml was as great as the loss in the presence of 1.6 ,ug/ml within 2 min, yet the difference in lethal activities at these extremes of drug concentration during the minutes following maximal release was enormous. Furthermore, corresponding viability studies showed that at 2, 3, and 5 min, at which times the K+ loss had reached the maximum with drug nystatin methyl ester. In the present study, four clinically relevant (6, 9) concentrations of one drug were compared. It is reasonable to postulate that for a single drug, such as amphotericin B, an increase in the rate of K+ release with an increase in the drug concentration directly reflects an increase in the degree of general membrane disorganization, which is directly responsible for the more rapid and extensive killing activity observed.
In this report, a direct relationship between two measurable parameters of amphotericin B activity, namely, the concentration-dependent rate of K+ release and the concentrationdependent rate of killing by the drug, has been established. Although total K+ release was independent of amphotericin B concentration, the rates of both release and killing increased in parallel as the drug concentration was increased in doubling increments over the range of 0.2 to 1.6 ,ug/ml. This close relationship together with the demonstration of nearly instantaneous induction of K+ release and of measurable lethal effects within minutes of drug exposure provides new and rather compelling evidence that the lethal action of amphotericin B primarily involves physicochemical cell membrane damage, and it is concluded that the hypothesis of direct physicochemical action offers the simplest and most probable explanation for the primary mechanism of killing by the drug. While the data appear to be consistent with this conclusion, they do not rule out the possibility that oxidative damage, as envisioned by Brajtburg et al. (2) , plays some role in the antifungal activity of amphotericin B. At this point, however, acceptance of the oxidative damage hypothesis as the primary explanation of lethal action is more difficult because of its greater complexity and the many accompanying unanswered questions. i/mI
